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Abstract

Reward deficits and associated striatal circuitry disturbances have been implicated in

the onset and progression of major depressive disorder (MDD). However, no studies

have been conducted to investigate how the striatal circuitry changes during standard

antidepressant, which is important for development of novel and targeted treatments

for MDD. We examined the seed-to-whole-brain functional connectivity (FC) for six

striatal subregions based on resting-state fMRI data of 23 MDD patients before and

after 8-week duloxetine, a serotonin, and noradrenaline reuptake inhibitor. Twenty-

three healthy controls (HCs) were also scanned twice with an 8-week interval. After

the analysis of covariance, we observed significant group-by-time interaction on FC of

the dorsal caudate (DC), ventral striatum (VS), and putamen seeds. Post hoc analyses

revealed that the FC between several right striatal seeds and left superior frontal gyrus

(SFG), between right DC and left precuneus, between right superior VS and left inferior

parietal lobe, were significantly higher in MDD patients compared to HCs at baseline

and were reduced after treatment. Conversely, the FC between right inferior VS and

left cerebellum was lower in MDD patients and was increased after treatment. Patients

with larger reduction in right superior VS—left SFG FC exhibited larger alleviation of

rumination. These findings suggest that duloxetine modulates the striatal FC with dor-

solateral prefrontal cortex, posterior default mode network, and cerebellum, and partly,

these changes underlie symptomatic improvement. This study adds to our understand-

ing of antidepressant mechanism and future therapeutic development might benefit

from considering these striatal circuitry as potential targets.
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1 | INTRODUCTION

Major depressive disorder (MDD) is a very prevalent condition charac-

terized by high recurrence, suicidality, and disability rates (Strawbridge,

Young, & Cleare, 2017; Whiteford et al., 2013). Although various anti-

depressants available, there is still a considerable number of patients

could not achieve remission, highlighting the need for developing new

treatments (Iniesta et al., 2016). Researches examining the neural circuit

of MDD, and how these circuits change with standard treatment will

provide necessary knowledge to develop novel and targeted treatments

(Strawbridge et al., 2017).

There is considerable evidence that the neural disturbances of MDD

occur in a cortico-striatal-thalamic-cortical (CSTC) circuit (Drevets,

Price, & Furey, 2008). Within this circuit, the striatum receives
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information inputs from cortical and other subcortical areas and sup-

ports the reward function, which is fundamental to a variety of emo-

tional and cognitive processes (Di Martino et al., 2008; Parent &

Hazrati, 1995). This unique feature makes the striatum a critical entry

point for investigating the neural circuit and treatment pathways of

MDD. Many neuroimaging studies have implicated impaired striatal

structure and function in depression symptomatology, such as lower

volumes in the striatum (Koolschijn, van Haren, Lensvelt-Mulders,

Hulshoff Pol, & Kahn, 2009) and blunted striatal response to positive

stimuli (Smoski et al., 2009; Stoy et al., 2012), which was particularly

associated with the low motivation symptoms (i.e., anhedonia and

energetic reduction) of MDD patients (Heller et al., 2013; Yang et al.,

2017). Further, the striatal hyporesponsiveness has been suggested to

normalize with successful antidepressant treatment (Stoy et al., 2012).

By measuring the temporal dependency of neural activation

between anatomically separated regions, the resting-state functional

magnetic resonance imaging (R-fMRI) provides a powerful tool for

examining the neural circuitry of MDD from a connectivity perspec-

tive. Studies of R-fMRI have demonstrated resting-state functional

connectivity (RSFC) changes in MDD patients between the striatum

and a host of other structures within the CSTC circuit, frequently

including the medial prefrontal cortex (PFC), anterior cingulate cortex

(ACC), and default mode network (DMN; Admon et al., 2015; Furman,

Hamilton, & Gotlib, 2011; Hwang et al., 2016; Leaver et al., 2016).

A study (Kerestes et al., 2014) investigating whole-brain connectivity

of dorsal and ventral striatal seeds demonstrated higher RSFC

between the bilateral dorsal caudate (DC) and ventrolateral PFC in

MDD patients, which was associated with severer depressive symp-

toms. In the only published studies investigating antidepressant effect,

researchers observed a downregulated RSFC between the striatum

and dorsolateral PFC in healthy volunteers by noradrenergic antide-

pressant reboxetine (McCabe, Woffindale, Harmer, & Cowen, 2012)

in MDD patients by acupuncture plus fluoxetine treatment (Wang,

Wang, Liu, & Cowen, 2017).

Despite of increasing evidence suggesting the involvement of stri-

atum and its projection areas in MDD, there has been a lack of investi-

gations of how standard antidepressants alter striatal RSFC, and

further, no studies have been conducted to examine antidepressant

effects on the striatum at a subregion level. Of note, the striatum has

a high anatomical and functional heterogeneity. Whereas the ventral

striatum (VS) receives projections from the orbitofrontal cortex, ACC,

and limbic structures involved in affective division, the dorsal striatum

receives inputs from the dorsolateral PFC and primary sensorimotor

cortex that support executive and motor functions (Di Martino et al.,

2008; Parent & Hazrati, 1995). It is of great interest to examine thera-

peutic effects on seed-to-whole-brain RSFC of striatal subregions as

an important step in unraveling antidepressant mechanisms within the

large-scale circuit of CSTC.

Here, we aimed to investigate therapeutic effects of striatal con-

nectivity changes after 8-week duloxetine (a serotonin and noradrena-

line reuptake inhibitor [SNRI] and first-line antidepressant treatment)

using R-fMRI in a first-episode, medication-free, and non-comorbid

group with MDD. The healthy controls (HCs) were also scanned at

baseline and 8 weeks later to confirm that the neural changes were

due to medication versus test–retest effects. We examined the seed-

to-whole-brain RSFC for six predefined striatal subregions (including

the DC, VS, and putamen). We hypothesized that duloxetine would

modulate the RSFC between the striatal subregions and specific brain

sites within the PFC and DMN based on their roles in emotional regu-

lation and self-reflection (Disner, Beevers, Haigh, & Beck, 2011) and

their altered connectivity with the striatum observed in above-

mentioned functional imaging studies in MDD. The therapeutic

effects in striatal RSFC might be also observed in other structures

within the CSTC circuit.

2 | METHODS

2.1 | Subjects

The initial sample included 38 right-handed, first-episode, and

medication-free patients with MDD recruited from Outpatient Depart-

ment of Peking University Institute of Mental Health. MDD diagnosis

was confirmed by a psychiatrist using the Mini International Neuropsy-

chiatric Interview (Sheehan et al., 1998), a short structured interview

developed according to the DSM-IV criteria. Patients were required to

have a current depressive episode with moderate-to-severe severity

defined by a total score of 24-item Hamilton rating scale for depression

(HAMD; Hamilton, 1967) >22 points. Patients with a comorbid Axis I

disorder except for anxiety disorders, Axis II personality disorder or

intellectual disability, current smoking status (more than 10 cigarettes

per day) were excluded. Among the initially recruited 38 patients, one

had excessive head movement during scanning, five discontinued medi-

cation within 2 weeks of treatment due to significant side effects,

seven refused to receive the follow-up scans because of subjective

conflicts with the fMRI scans or unsuitable personal time. These

13 patients withdrawn from the study. Patients who remained in this

study did not differ significantly in age, gender, and baseline HAMD

scores from those withdrew.

The HCs were required to be age- (±5 years) and gender-matched

with the patients, have no history of psychiatric illnesses in them-

selves and their first-degree relatives, and have a HAMD score <7

points. Exclusion criteria for all subjects included a history of neuro-

logical illnesses or significant head trauma, substance dependence,

or abuse within the last year, an experience of electroconvulsive

therapy within the last 6 months, acute suicide, current pregnancy or

breastfeeding, or any contraindications to magnetic resonance imag-

ing (MRI) scan. The authors asserted that all procedures of this work

complied with the ethical standards of relevant national and institu-

tional committees on human research and with the Helsinki Declara-

tion. Demographic and clinical data were provided in Table 1.

2.2 | Duloxetine administration and clinical
assessment

We chose duloxetine as a therapeutic drug based on the following con-

siderations: (a) Among the commonly used types of antidepressant, that
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is, selective serotonin reuptake inhibitor (SSRI), SNRI, and noradrenergic

and specific serotonergic antidepressant (NaSSA), SSRI has been found

to inhibit the reward processing (McCabe, Mishor, Cowen, & Harmer,

2010) and its efficacy in treating low-motivation symptoms has been

questioned. Moreover, we could see in clinical practice that some MDD

patients using SSRI have complaint of emotional blunting experience.

The NaSSA acts on multiple receptors and thus does not facilitate the

observation of specific associations between the brain circuit changes

and receptor regulation. In contrast, duloxetine has been shown to aug-

ment the neural activity in mesolimbic dopamine reward circuits of

healthy volunteers (Ossewaarde et al., 2011) and induced striatal vol-

ume growth in MDD patients (Lai, 2011). (b) There is currently in clini-

cal practice a lack of antidepressants directly acting on dopamine

receptors that are specifically related to reward function, while clinically

available dopamine-modulating drugs mainly include atypical antipsy-

chotics such as sulpiride and risperidone, which are not suitable for ini-

tial treatment of MDD.

Patients received oral treatment with duloxetine, administered in

a daily dose of 20 mg starting as soon as possible after the baseline

scans, increased to 60–90 mg/day within 2 weeks, and continued

until their completion of the follow-up scans. The dose was deter-

mined by the attending physicians based on symptomatic changes

and side effects. The final doses of duloxetine were 90 mg/day

(n = 16) or 60 mg/day (n = 7). During the 8-week study period, we

interviewed patients weekly to check their medication adherence

within the last week. It has been confirmed that all of the 23 patients

who completed the 8-week treatment showed a good compliance.

Patients received duloxetine without use of any other therapies dur-

ing the study period. The HCs completed 8-week study without medi-

cation. Besides the HAMD, the rumination scale of cognitive emotion

regulation questionnaire (CERQ; Zhu et al., 2008) was also evaluated

to reflect the negative rumination level of patients.

2.3 | MRI data acquisition

The imaging scans were performed at a 3.0T Siemens MRI scanner.

The resting-state functional images were collected with a gradient-

echo echo-planar imaging sequence: repetition time (TR) ms/echo

time (TE) ms, 2,000/30; 90 flip angle; 64 × 64 matrix; field of view,

210 × 210 mm2; thickness/gap, 4/0.8 mm; 30 slices; 7 min acquisition

time. For a registration purpose, T1-weighted structural images were

acquired with magnetization-prepared rapidly acquired gradient-echo

sequence: TR ms/TE ms, 2,300/3.01; matrix, 256 × 256; spatial reso-

lution, 1 × 1 × 1 mm3; 9 flip angle; 1 mm thickness; 176 slices. For

the resting-state scans, subjects were instructed to keep their eyes

closed, remain still without head motion, not think of a specific thing

consistently, and not fall asleep during the scan. All subjects reported

a good adherence to these instructions through confirmation immedi-

ately after the fMRI scans.

3 | DATA ANALYSIS

3.1 | Image preprocessing

The R-fMRI images were processed with Data Processing Assistant

for Resting-State fMRI based on Statistical Parametric Mapping

(SPM12, http://www.fil.ion.ucl.ac.uk/spm). After removal of the first

10 volumes, the remaining 200 volumes were corrected for different

signal acquisition times. The volumes were motion-corrected using a

six-parameter rigid-body transformation. All subjects satisfied the

criteria of spatial movement in any direction <2 mm or degree. Sub-

jects showed no significant group differences in head-motion parame-

ters. Then, the nuisance signals including the Friston 24-parameter

model (Friston, Williams, Howard, Frackowiak, & Turner, 1996) of

head motion, signals of cerebrospinal fluid, white matter, and whole

brain were regressed from the data. Derived images were normalized

to Montreal Neurological Institute (MNI) space and re-sampled with

2 × 2 × 2 mm3 resolution using transformation parameters estimated

by unified segmentation algorithm (Ashburner & Friston, 2005). The

linear detrend and band-pass filtering (0.01–0.1 Hz) were performed

to reduce effects of low-frequency drift and high-frequency noise.

Considering a possible effect of micromovements on RSFC

(Power, Barnes, Snyder, Schlaggar, & Petersen, 2012), we calculated

the framewise displacement (FD) values for each subject using the

Jenkinson fomula (Jenkinson, Bannister, Brady, & Smith, 2002), which

reflect the temporal derivative of micromovements (Power et al.,

2012). Two patients with mean FD >0.2 mm were excluded, leaving

data of 23 patients and 23 HCs for the final analysis.

TABLE 1 Sample characteristics

MDD baseline (A) MDD week 8 (B) HCs baseline (C) HCs week 8 (D) p

Gender (male/female) 11/12 11/12 11/12 11/12 >.99

Age (years) 29.7 ± 5.8 29.9 ± 5.8 29.3 ± 5.9 29.5 ± 5.9 .821

Education level (years) 14.3 ± 3.2 14.3 ± 3.2 15.6 ± 1.8 15.6 ± 1.8 .094

Illness duration (months) 7.5 ± 5.9 9.3 ± 6.1

Total HAMD 30.5 ± 5.4 6.3 ± 4.3 1.5 ± 1.7 1.2 ± 0.9 <.001(A-B; A-C; B-D)

Rumination 13.6 ± 2.6 8.2 ± 2.5 5.9 ± 1.5 5.8 ± 1.2 <.001(A-B; A-C; B-D)

Notes: Unless otherwise indicated, values shown are mean ± SD. The gender was analyzed using chi-square test, while other variables were analyzed using

independent-sample t test.

Abbreviations: MDD, major depressive disorder; HAMD, Hamilton rating scale for depression; HCs, healthy controls.
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3.2 | Striatal RSFC analysis

We used a seed-to-whole-brain analysis to compute the RSFC of

striatal subregions. Specifically, the seeds were defined (MNI space)

bilaterally in the DC (x = ± 13, y = 15, z = 9), superior VS (VSs;

x = ± 10, y = 15, z = 0), inferior VS (VSi; x = ± 9, y = 9, z = −8), dorsal

rostral putamen (DRP) (x = ± 25, y = 8, z = 6), dorsal caudal putamen

(DCP; x = ± 28, y = 1, z = 3), and ventral rostral putamen (VRP;

x = ± 20, y = 12, z = −3; Di Martino et al., 2008, Wang et al., 2018).

Each seed covered 27 voxels in 2 mm3 space (radius = 3.5 mm). The

mean time series of blood oxygenation level dependent signals

were extracted from each seed. Then, Pearson's correlation coeffi-

cients were calculated between each seed's mean time series and

each voxel's (excluding voxels contained within the seed) time

series. In each subject, this generated 12 striatal RSFC images in

total, representing one image per seed. The r-value correlation

images were z-value converted, and then smoothed with a 6-mm

Gaussian kernel.

3.3 | Statistical analysis

One-sample t-tests were performed to show within-group striatal

RSFC patterns, with a threshold of uncorrected p < .05. To determine

treatment-related changes, a repeated-measured analysis of covari-

ance (ANCOVA) and post hoc analyses were performed to obtain the

group (MDD and HC)-by-time (Weeks 0 and 8) interaction, controlling

for age, gender, education, and FD values. We restricted the

ANCOVA results within a mask excluding the voxels showing signifi-

cant RSFC changes within the HC group over time. This mask was

generated by performing a paired t-test on the RSFC images of the

HC group between Weeks 0 and 8, thresholded with an uncorrected

p < .05. The results were corrected for multiple comparisons with a

cluster p < .05 and voxel p < .001 according to Gaussian random field

theory. With this setup, we can control the family-wise error rate

under 5%, which satisfied the criteria recommended by Eklund,

Nichols, & Knutsson, 2016. Given that we have used the strictest

threshold for each seed and dividing 0.001 and 0.05 by six would

result in very small p value and can be too conservative for our

exploration, we chose to correct strictly for each seed but not at

the seed level for these comparisons. Post hoc analyses (including

4 between-group comparisons: MDDbaseline vs. HCbaseline, MDDbaseline

vs. MDD8-week, MDDbaseline vs. MDD8-week, HCbaseline vs. HC8-week)

were performed by independent-sample t-tests for between-group

comparisons and paired t-tests for within-group comparisons.

Then, we performed correlation analyses between striatal RSFC

changes (baseline minus Week 8) in clusters showing significant

group-by-time interaction and changes (baseline minus Week 8) in

symptomatic scores assessed by HAMD and CERQ-rumination sub-

scale, with age, gender, education, and FD values served as covariates.

A bonferroni corrected threshold of p < .025 (0.05/2 [the number of

scales used for correlation analysis]) was required for statistical

significance.

4 | RESULTS

4.1 | Sample characteristics

There were no significant differences between MDD patients and

HCs in terms of age, gender distribution, and educational level

(Table 1). After 8 weeks of treatment, the scores of total HAMD and

CERQ-rumination subscale decreased (p < .001). Of the 23 patients,

seven showed a clinical response to duloxetine defined as at least

50% decrease from baseline HAMD; others achieved remission

defined as the HAMD score after 8-week treatment <7 points.

4.2 | Within-group striatal RSFC

The striatal RSFC patterns (Figure S1) were compatible with those

observed in other normal (Di Martino et al., 2008) and pathological

(Di Martino et al., 2011; Gabbay et al., 2013) populations. The striatal

RSFC obtained for MDD patients were largely similar to those of HCs.

Significant positive RSFC was observed in all of the striatal subregions

with their adjacent subcortical regions, in the DC and VS subregions

with the medial PFC, and in the putamen subregions with the insula

and inferior frontal gyrus.

4.3 | Between-group differences in striatal RSFC

Significant group-by-time interaction was observed in striatal RSFC

with the PFC and DMN areas, and cerebellum (Figure 1, Table 2). Post

hoc analysis revealed that duloxetine inhibited the abnormally high

RSFC between the striatum and the brain areas within the PFC and

posterior DMN (pDMN), but upregulated the abnormally low RSFC

between the striatum and cerebellum (Figure 1, Table 2). Details for

each striatal subregion were introduced below.

4.3.1 | DC seeds

We observed significant group-by-time interaction in the RSFC between

the right DC seed and the left SFG, the left precuneus (PCu). The post hoc

analysis showed that the RSFC were significantly higher or showed a

higher tendency in MDD patients compared with HCs at baseline

(left PCu: t44 = 2.556, p = .014; left SFG: t44 = 1.894, p = .065), but were

reduced following treatment (left PCu: t22 = −2.713, p = .013; left SFG:

t22 = −4.001, p = .001). After 8 weeks, the RSFC in the left PCu was lower

in MDD patients compared to HCs (left PCu: t44 = −2.551, p = .014).

4.3.2 | VS seeds (VSs, VSi)

Significant group-by-time interaction was observed for both the VSs

and VSi seeds. The right VSs showed higher RSFC with the left SFG

and left inferior parietal lobe (IPL) in MDD patients compared with

HCs at baseline (left SFG: t44 = 3.068, p = .004; left IPL: t44 = 3.644,

p = .001), but was reduced following treatment (left SFG: t22 =

−5.739, p < .001; left IPL: t22 = −4.174, p < .001). After 8 weeks, the

RSFC between the right VSs and the left SFG was lower in MDD

patients compared to HCs (t44 = −2.495, p = .016). Conversely, the
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right VSi seed showed lower RSFC with two clusters within the left

cerebellum in MDD patients compared with the HCs at baseline

(t44 = −3.693, p = .001; t44 = −0.046, p = .069) and was increased fol-

lowing treatment (t22 = 3.693, p = .001; t22 = 4.207, p < .001).

4.3.3 | Putamen seeds (DRP, DCP, and VRP)

Significant group-by-time interaction was observed in the RSFC between

both the right DRP and left VRP seeds and the left SFG. These RSFCs

were higher in MDD patients compared with HCs at baseline (DRP-SFG:

t44 = 2.881, p = .006; VRP-SFG: t44 = 2.046, p = .047), but were reduced

following treatment (DRP-SFG: t22 = −3.594, p = .002; VRP-SFG: t22 =

−3.841, p = .001). Patients with larger reduction in right VSs-left SFG

RSFC showed larger reduction in CERQ rumination scores (Figure 2).

5 | DISCUSSION

Our study is the first to address whether antidepressant impacts

seed-to-whole-brain RSFC for striatal subregions. Basically consistent

F IGURE 1 Striatal RSFC changes following treatment. The axial images show significant group-by-time interaction on resting-state functional
connectivity (RSFC) between right dorsal caudate (DC) and left superior frontal gyrus (SFG), left precuneus (PCu); between right VSs and left SFG,
left inferior parietal lobe (IPL); between right VSi and left cerebellum; between both putamen subregions (including right dorsal rostral putamen
(DRP) and left ventral rostral putamen [VRP]) and left SFG. The numbers at the lower-left corner of axial image refer to MNI z-coordinate. The bar
maps show within- and between-group differences in striatal RSFC. The data were expressed as mean value ± SE. *p < .05; **p < .005;
***p < .001. VSs, superior ventral striatum
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with our prior hypothesis, the results indicate that duloxetine could

downregulate abnormally high RSFC in the DC and putamen subre-

gions with the SFG and pDMN areas. The therapeutic effect was also

associated with a reversal of abnormally low RSFC between the VS

and cerebellum. Treatment-related decrease in VSs-SFG RSFC might

be especially related to the relief of rumination symptoms.

The normalized effect of duloxetine on RSFC between the left SFG

and 3-part striatal subregion (including the DC, VS, and putamen) is

the first important finding of our study. The dorsolateral PFC (dlPFC) is

a central region within depressive CSTC circuit and supports a series

of cognitive processes, such as executive planning, self-monitoring,

and error detection (Kim, Chung, & Kim, 2013; Kim, Johnson, & Gold,

2014). Researchers found higher dlPFC activation in acutely depressed

patients during the anticipation and receipt of reward stimuli (Forbes

et al., 2009). Higher PFC input to striatum has been observed in

MDD patients in response to loss than reward outcome, and stronger

striatal coupling to the superior and middle frontal gyrus was linked

to suicidality (Quevedo et al., 2017). Even during resting state, MDD

patients also displayed increased RSFC between the DC and dorsolateral

PFC, which significantly correlated with depressive severity (Furman

et al., 2011). We could thus speculate that increased striatal-SFG RSFC

may underlie cognitive conflicting symptoms (i.e., cognitive blunting,

rumination, difficulties in decision making) torturing the patients who are

in a depressive episode (Disner et al., 2011). Inhibiting this RSFC may

lead to a beneficial impact on cognitive performances in MDD patients.

Further, we found that a larger decrease in the VSs-SFG RSFC after

duloxetine was associated with more significant alleviation of rumina-

tion. This result is compatible with two repetitive transcranial magnetic

stimulation, (rTMS) studies (Avissar et al., 2017; Du et al., 2018) indicat-

ing that the RSFC of stimulated DLPFC-VS/NAcc pathway predicted the

antidepression effects of rTMS. Combined, these results strongly suggest

a potential of the striatal-DLPFC circuit as a target pathway for MDD

treatment, and also, an objective indicator for the evaluation of clinical

response to SNRI.

Duloxetine also demonstrated a normalized effect on abnormally

high RSFC between the DC and putamen subregions and the pDMN

areas. The DMN is highly active at rest but deactivated during the

goal-directed behaviors, and plays a central role in self-related cogni-

tive activities (Andrews-Hanna, 2012). The pDMN, with direct con-

nections to the basal ganglia and other components within the CSTC

circuit (Vatansever, Manktelow, Sahakian, Menon, & Stamatakis,

2016), sustains episodic memory and self-consciousness (Andrews-

Hanna, 2012). Higher striatal coupling to the PCu observed during

loss versus reward stimuli was found to predict severer anhedonia

TABLE 2 Significant group-by-time interaction in striatal RSFC

Subregion Cluster size (voxels) MNI coordinates (x, y, z) F

Right DC

Left superior frontal gyrus 97 −24, 50, 14 17.426

Left precuneus 74 −6, −58, 34 17.398

Right VSs

Left superior frontal gyrus 248 −20, 52, 6 28.973

Left inferior parietal lobe 154 −48, −70, 30 16.230

Right VSi

Left cerebellum 96/66 −20, −58, −54/−36, −50, −30 30.029/17.759

Right DRP

Left superior frontal gyrus 59 −20, 68, 12 17.004

Left VRP

Left superior frontal gyrus 146 −20, 54, 8 13.957

Abbreviations: DC, dorsal caudate; DRP, dorsal rostral putamen; F, statistical value of the peak voxel; MNI, Montreal Neurological Institute; RSFC,

resting-state functional connectivity; VRP, ventral rostral putamen; VSi, inferior ventral striatum; VSs, superior ventral striatum; x, y, z, coordinate of the peak

voxel in the MNI space.

F IGURE 2 Relationships between striatal RSFC changes and
rumination following treatment. The scatter map shows correlation in
RSFC reduction between the right superior ventral striatum (VSs) and
left superior frontal gyrus (SFG) with rumination scores following
treatment. △ baseline-week 8. RSFC, resting-state functional
connectivity
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and depressive symptoms (Quevedo et al., 2017). Higher resting-

state activity and FC were also observed in the DMN areas of MDD

patients, which was associated with negative self-attribution and

rumination (Hamilton, Farmer, Fogelman, & Gotlib, 2015; Hwang

et al., 2016). Because of extensive involvement in negative emo-

tional and self-reflective processing, the pDMN is considered impor-

tant in treatment of mood disorders. As indicated, abnormally high

RSFC in the pDMN has been normalized after successful antidepres-

sant treatment (Li et al., 2013). Using striatal RSFC as an indicator,

our study provides direct evidence that clinical response to

duloxetine in MDD patients was associated with an inhibition of the

pDMN-caudate coupling, suggesting that antidepressant mechanism

of duloxetine may involve pathway from the pDMN to striatum.

Such a connectivity reduction likely contributes to disengagement of

persistent and pervasive negative self-cognition and rumination seen

in MDD patients.

Another important finding is lower RSFC between the right VSi

and left cerebellum observed in MDD patients compared to HCs and

its subsequent reversal following duloxetine. The striatum receives

cortical input via the thalamus and projects to the PFC, supplementary

motor area, and cerebellum (Parent & Hazrati, 1995). These brain

areas and circuits are involved in motor planning and execution

(Herrero, Barcia, & Navarro, 2002; Parent & Hazrati, 1995). The cere-

bellum is also thought to be involved in cognitive function

(Schmahmann & Caplan, 2006). Relevantly, MDD patients can mani-

fest a series of cognition-related psychomotor symptoms, such as less

words, slow thinking, and reduced activity (Buyukdura, McClintock, &

Croarkin, 2011). The brain imaging studies (Rentería et al., 2017;

Naismith et al., 2002; Steffens & Krishnan, 1998) have demonstrated

structural and functional abnormalities in the striatum of MDD

patients, such as white matter changes, lower gray matter volumes

and blood flow, which were more obvious in patients with significant

psychomotor stagnation (Hickie et al., 1996; Naismith et al., 2002;

Steffens & Krishnan, 1998). In the cerebellum, researchers also

observed lower resting-state activity in MDD patients (Guo et al.,

2011; Liu et al., 2010) and a high-risk group of MDD (Liu et al., 2010).

Distinct from the examination of local regional neural activities in

these previous studies, this study revealed from connectivity or cir-

cuitry perspective that MDD patients existed a dys-connectivity

between the VSi and cerebellar areas, a restoration of this connectiv-

ity might represent another target pathway for antidepressant treat-

ment, which might contribute to the improvement of psychomotor

activation in MDD.

Strengths of this study include that all patients were drug-naive

and in their first depressive episode. The HCs were scanned twice to

avoid effects of natural brain changes over time. However, several

issues need to be further addressed. We cannot determine exactly

whether the RSFC changes following treatment was due to a pharma-

cological effect, natural course of the illness, a placebo effect, or some

combinations of these possibilities. The ideal controls would be

groups of untreated or placebo-controlled patients. However, its

should be noted that precious double-blind, randomized, placebo-

controlled studies (McCabe & Mishor, 2011; Norbury et al., 2009)

have confirmed a specific action of SSRI citalopram and SNRI

reboxetine on brain function, which might support our proposal that

symptom severity and duloxetine action work by targeting RSFC in

specific regions. Moreover, although we recruited a healthy volunteer

sample to control for test–retest effects, the repeat testing/time may

be also an influencing factor for brain functional observation. Another

thing to emphasize is that a few of the patients discontinued medica-

tion due to a poor response to duloxetine and therefore were with-

drew from this study, which lead to the patients who completed the

follow-up scans were all duloxetine responders. Future studies should

attempt to include both patients responsive and nonresponsive to

duloxetine to enable the identification of striatal RSFC changes

related to treatment nonresponsiveness. Finally, the specificity of

striatal RSFC changes to duloxetine should be confirmed by randomiz-

ing MDD patients to duloxetine versus another antidepressant (both

pharmacological and psychological) with a different hypothesized

acting mechanism.

In conclusion, our data suggests that therapeutic effect of

duloxetine is associated with a normalizing effect on striatal RSFC

with the dorsolateral PFC, pDMN, and cerebellum. This study eluci-

dates the striatal circuitry involved in SNRI treatment (i.e., CSTC and

cerebellum) and suggests important biological pathways by which

antidepressants may treat MDD. Future researches that integrate

resting and reward tasks as well as the psychological tests will help to

verify behavioral implication of treatment-related brain changes.

Finally, future researches for therapeutic development of MDD might

benefit from considering this striatal circuitry as potential intervention

targets.
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